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Abstract A semiclassical (light classical and molecule quantum) model describing the dependence of DNA/RNA dimerization rate
as function of the ultraviolet C (UVC) radiation’s intensity is proposed. Particularly, a nonlinear model is developed based on the
Raman-like processes in quantum optics. The main result of the theory shows that the process of dimerization in the DNA/RNA
depends strongly on the UVC light’s intensity, thus proving a possible quantum microscopical mechanism of the interaction of UV
light with the DNA. To corroborate the theoretical findings, we realize some experiments, by which want to investigate how the
inactivation rate of the yeast colonies depends on the intensity of the UVC irradiation. The experimental results evidence a nonlinear
decreasing of the residual yeast colonies as a function of the intensity in the irradiation process. The possibilities to optimize the
intensity of UVC radiation in the considered decontamination equipment by using metamaterials are studied. The application of
such equipment in disinfection of fluids (air, water, droplets, etc.), as well for the SARS-CoV-2-infected aerosols, is discussed.

1 Introduction

Ultraviolet radiation has been used for decades to disinfect unoccupied medical and other facilities and reduce the spread of airborne
infectious diseases. Then, it is not surprising that ultraviolet C (known as UVC, 200-280 nm) light has recently gained particular
attention as a promising control measure to reduce the transmission of SARS-CoV-2, the virus that caused the COVID-19 pandemic.
Several investigations have shown that UVC is very effective in inactivating SARS-CoV-2 [1-6]. Therefore, this type of radiation
can be used as an efficient disinfectant, but needs to be handled correctly to avoid skin and eye damage [7].

The growing need for decontamination of fluids, especially translucent ones as liquids, including water, gas, aerosols, air droplets,
etc., opens up opportunities for innovative research in this direction [8§—13]. Application of UV radiation for decontamination of
fluids and surfaces from viruses and bacteria requires an effective method of inactivation of microorganisms by radiation. Open
surfaces of translucent fluids cannot give us the expected result in this area due to the reduced penetration depth of UVC radiation
into the fluid. For example, in [9, 10], we have analyzed the total contact surface with the contaminated fluid, formed due to the
quasiperiodic optical system that contains quartz metamaterials, such as close-packed optical fibers or microspheres connected
to each other through an evanescent UVC field. In this situation, an additional decontamination volume is obtained, which is
proportional to the contact surface multiplied by the depth of transmission of UVC radiation inside the fluid. We can repack these
periodic optical structures [11-13] to obtain a good evanescent zone necessary for decontamination of gas or liquids, which will flow
near the total contact surface. In this case, we must estimate the adherence of the liquid (or infected aerosols and airborne droplets)
to this surface and the penetration distance of the evanescent field in the translucent liquid. Based on this effect, we have elaborated
two types of equipments for the decontamination of infected liquids and gases, see [8, 9]. These experiments have conclusively
demonstrated that both, quartz spheres and optical fiber metamaterials, can effectively annihilate Coliform (including Escherichia
coli), or Enterococcus bacteria, as well as yeast and kombucha cultures as described in [8]. The investigation of UVC radiation
intensity dependence of decontamination in such metamaterial structures remains an open problem, and this work proposes to find
connections between microscopic theory and experimental results.

For example, the work [8] was focused on estimating the critical intensity of the UVC field for which DNA/RNA pyrimidine
dimerization becomes significant. Motivated by this idea, here we develop the disinfection model proposed in [10], using the
quantum-theoretical approach to pyrimidine dimerization in DNA. In the normal state of DNA, it is known that the guanine (G) is
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paired with cytosine (C) through three hydrogen bonds, and adenine (A) is paired with thymine (7’) through two hydrogen bonds. In
the present work, we discuss the possible modifications and formation of new covalent bonds within neighboring pyrimidine bases
of the same DNA strand under the action of UVC radiation [14—16].

As a matter of fact, in the last two decades, the interest to apply the quantum mechanical approach to the biological systems was
particularly accentuated and many investigations were developed in this area, e.g., some of these [17-30]. The concept of quantum
biology emerges mainly from the fact that at biological molecular level, the laws of quantum mechanics dominate. However, it is
still far from being clear where lies the border that marks the domain of classical and quantum biological laws. For example, there
are ideas to consider genes as quantum systems and describe them by a wave function based on the fact that in hydrogen bonds
protons are shared between purines and pyrimidines and, respectively, are in a quantum superposition [18, 30]. On the other hand,
there is strong skepticism about the true “quantum effects” in biological systems, mainly because the latter are highly decoherent
and far from thermal equilibrium, so any coherent or superposition state is quickly lost. But, there can be an optimistic horizon,
at least conceptually, one can think that such situations can be fixed, for example, loss of coherence and entanglement in quantum
computation are considered “errors” and fortunately these can sometimes be corrected, procedure known as quantum error correction.

Of course, to identify and test quantum features of biological processes it is necessary to apply adequate empirical verification of
theoretical approaches and predictions. There is already significant progress in this direction; for example, experimental findings in
[19] show relatively long-time electronic quantum coherence in a photosynthetic protein under low-temperature conditions, around
77K. Furthermore, a little later it was shown that quantum coherence in similar proteins can survive even at room temperature [20,
21]. Such experimental results are very promising and strengthen the theoretical views on quantum properties in biology. Our work
is a step towards this strategy with the main objective of experimentally testing our theoretical approach, where UVC radiation
interacts with quantized molecules in the DNA dimerization process and showing how the inactivation rate of pathogens depends
on UVC intensity.

This work is organized as follows: In Sect. 2, we propose a semiclassical model of Raman-scattered UVC radiation in DNA
structure. This conceptual model applied for DNA/RNA dimerization process shows how the pathogen inactivation rate depends on
the intensity of applied UVC field. The possible correlation of this theoretical approach with the experimental results is investigated
in Sect. 3, where some realized experiments of decontamination of fluids are described. Particularly, we study the inactivation of yeast
colonies applying the UVC radiation. As a result, by increasing the intensity of the applied UVC radiation in the decontamination
core of the equipment, filled with metamaterials, we look on the effect of intensity dependence of the inactivation rate. Finally, in
Sect. 4, we discuss the main approaches and results, and in Sect. 5, respectively, the work is concluded.

2 Theory: DNA/RNA dimerization as function of the intensity of UVC radiation through raman process

For the description of the intensity dependence of the modification of DNA structure under the action of the UVC radiation in this
Section, we propose the Born-Oppenheimer (BO) approximation [31] used in chemistry and microbiology. In this approach, the nuclei
subsystem is characterized by the vectors R = {Rj, R>...R,} and it is considered a slow subsystem as compared to the electronic
subsystem in molecule, r = {r, r2...r,}. Here, Ry, Ry...R, and ry, r...r, are the generalized coordinates of nuclei and bond
electrons in a molecule. In this approximation, the molecular wave function is represented by the product (W@, R)) @ |x(R)),
where |W©(r, R)) and |x(R)) are the wave functions of electronic and nuclei subsystems of the molecule, respectively. The
modification of the DNA and RNA structures takes place under the action of UVC radiation, as it is represented schematically in
Fig. 1. Considering the nuclei positions fixed for the electronic subsystem, the Schrodinger equation can be represented in the form

HO®@x, R)IVO(r, Ry)) = ECOR)W(r, Ry)). (1

Obviously, the electronic energy eigenvalue E©) depends on the chosen nuclei positions, Rg. Varying these positions in small steps
and repeatedly solving the Schrodinger equation of the electronic subsystem, one obtains £ as a function of Ry. We start with
DNA’s dimer modification of the adjacent nucleotide bonds, A = T, under the action of the electromagnetic field. The interaction
energy of molecular electric multipoles may be approximated with the work of the electrical field during the displacements of
electron at distance r}, i.e., Hy,y = — ) eV (r;), with the electric potential V(r;) = f(;"i Edr and neglecting the magnetic part of
the field [32].

For the construction of the probable molecular states before and after the action of UVC radiation, we propose to represent
the covalent bonds of the two adjacent nucleobases in DNA [34-36]. For example, the notations {1 = 2} and {3 = 4} represent
two double covalent bonds between two adenine and thymine nucleotides. In the formation of the covalent bonds, electron orbitals
overlap in order to form molecular orbitals, which give us the simplest prototype of molecule with covalent bonds observed in the
H; molecule in the archetypal Lewis pair

Wi (¢, R)) = [2(1 + Sap)] ™2 (I9a (1)) @ [9p(2)) + l9p(1) @ |9a(2))), )
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Fig. 1 A Three-level description of the dimer bond generation by UVC radiation in DNA according to the literature. B Possible dimerization of thymine
and cytosine in DNA under the UVC radiation. According to the literature [33], the ratio of 7 = T to C = C dimers is 10 : 1 or higher

Normal DNA state

where S, = [ f Da (r)gob(r)dr]2 is the overlap integral dependent on the orbital exponent, ¢, and the internuclear separation, R. It is
considered that a covalent bond is realized between two hydrogen-like atoms with two undistinguished electrons, 1 and 2, each of
them may be localized in one of the states |¢,(i)) or |¢p(i)) near the nucleus a or b, withi =1, 2.

Let us discuss the simple dimerization of DNA or RNA, in which thymine is replaced by uracil. The DNA strand breaks down to
the dimerization state represented in Fig. 1(B) by the damage of two adjacent nucleobases, T = A and T = A, which pass into new
bonds between thymine nucleotides, T = T, along x-direction of DNA strand. This process may be represented in the formalism
of the three-level system of the collective electronic states. For example in double-stranded B-DNA, where the dimer entails two
adjoining pyrimidine bases on the same DNA strand, only the syn isomers can be generated, whereas the cis isomer is preferred
over the trans isomer to a great extent [33, 37].

Let us define the non-damaged ground state of the DNA strand by the wave function of two covalent bonds in the y-direction
(see Fig. 1) as follows

1G.) = [W(¢, Rpy)) ® [W(Z, Ryy)),
where [W(¢, Ryy)) = [2(1 + Sap)1™ 2 (lga (1)) ® 196(2)) + lp(1)) ® |ga(2))),
W, Ryy)) = 201+ Sea)] ™2 (19c(3)) ® [9a(@)) + |9c(4) @ loa(3))), 3)

are the two overlap bond states of adjacent nucleotides of DNA strands, R;, and Ry, respectively, which are represented by A
:T(1,2)and A : T(3, 4) in the y-direction of Fig. 1. For simplicity, we have represented in Eq.(3) only one covalent bond between
each pair of nucleotides, but the nature of this ground state must be such that the precise recognition between C and G via triple
H-bond, and between T(U) and A via a double H-bond, can guarantee the preservation of the genetic information encoded in the
DNA (RNA) molecule [38, 39].

After the UVC action, the DNA steps chain pass into new states, where according to Fig. 1, the damaged “steps” passed into the
new covalent bond state along the x-direction as follows

1Ga) = W(¢, Rp2) ® [W(¢, Ryy)),
where [W(¢, R72)) = [2(1 + S:0)] ™2 (@a(1) ® 19c(3)) + 19c(3)) ® lpa(1))),
W, Ry = 201+ Sp)] 2 (1906(2)) @ lga (@) + 19p(#)) @ l9a(2))) )

are the pyrimidine dimer and purine uncoupled nucleobases formed after modifications of step bonds between the DNA strands.
We mention here that the purines (adenine and guanine) may remain uncoupled in covalent bonds (see Fig. 1). These two states are
constructed in the process of absorption and emission of the two UV photons from the applied flux of UVC radiation.

The excited state contains the p-type wave function in which one of each of the four covalent electrons from the bonds a, b, ¢
and d may be excited to

|E) = W, Ryx, Ryy) (6))
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Fig. 2 Illustrative sketch of the two minima of the same potential, one situated on the x axes corresponding to the pyrimidine state, 7 = T, and the second
minimum is situated on the y axes corresponding to the normal state of DNA/RNA. The periodical excitation of the bond electrons by the radiation from
normal state by the Raman-induced process moves nuclei positions of the pyrimidine dimer and normal states in opposite directions along the separation
distance Dy, so that these two minima may overlap. This corresponds to the situation when the excited electrons may form the dimer (see overlap of the two
paraboloids). When the radiation is turned off, these two minima of the potential energy return to their initial states on the x and y directions, but the large
number of nucleotides remains in the dimer state

which is in an excited electron state ¢ (i)) and may be in |2p) or |2s) hydrogen-like states as is described in the photosynthetic
energy transfer [38—40, 44—46]. The electronic spectrum is protonated, thereby below we will show the possible excitation in such
state as
4
W, R, Ryy)) =N Z loz" () ® lep(D)) ® lpc(n)) & |pa(m)), (6)
i#l#n#m=1

where N is the normalization constant. Commonly, the energy E»¢ of |2s) state is lower than the energy E») of |2p) state, and
it is considered one or other excited state depending on the process that occurs. The optical transition between the same atomic
states of hydrogen-like bonds with opposite parity, | Eas) = |g0;“(i ))and |Ezp) = |<p§p (1)) with energies, Ea; and E3 ), respectively,
may be larger than optical transition matrix element between the electron localization on different nuclei. Indeed, considering that
in molecule, the overlapping between the states of different nuclei, |g0$s(i )) and I(pip (1)), may be less probable than the intrinsic
transitions between the two ground states, | E2y), and two excited states, |E>p), of the same atom due to the small value of the ratio
between the Bohr radius and mean distance between two atoms which participate in the covalent bound [34, 36].

We point out that due to delocalization of the excited electron, the dipole forbidden state nearby the nucleus may be excited by
the shift of the states |1s)1 to |2s), of the nearby situated nuclei, labeled by 1 and 2. A brief review of such types of hybridization
of the excited state, like w — i, stacking can be found in [38, 39] and a revised aspect of this concept is proposed in [40].

For simplicity, we neglect this type of transition |G4) — |E2s), so obtaining a three-level system with the electronic Hamiltonian,

A© = I:I(ge) + H® where

Int>

A = —heoy|G ) {Gul~he|Ga){(Gal+ha b by + hokalay, M
Ay = — PEgulE)(Gulbr — PYgi|E)(Galay + H.c., ®)

are the free and interaction parts of the Hamiltonian, which describe the oscillation process between the three states of bimolecular
formations as a normal, dimer and excited. Here PL’f = |(Gul)_ej(r}, x)|E)| is the electronic polarization relative to the molecular
transition |G,) — |E), Pg is a similar polarization relative to the dimer transition, |G4z) — |E), and j is polarization of the
applied UVC radiation. In the following one defines £,(R;) = hw, and £;(R;) = hwy as the energies between the |E) state and
the two ground states, |G,) and |G ), respectively. These energies are nearpiy the eAxcitation quanta energies of the applied field,
Sy = wy — w’,; and §; = w; — w’vc The creation (annihilation) operators, bk', &Z (bk, a), are responsible for the excitation and
de-excitation processes relatively to the two ground states described by the transitions |G,) <> |E) and |G4) < |E), respectively.
As commonly, for the twice repeated index k, one considers the summation over the photon wave vectors of pump and Stokes fields.

In the following, let us consider the situation in which the excited state, | E), is off resonance with the external UVC field, thereby
the transition between two ground states, |G, ) and |G ;), takes place virtually through the polarization relative to the excited state.
The procedure of elimination of electronic subsystem and its action on the energy renormalization of the position of the atomic
potential and bounds between them is given in Appendix A.

According to the illustrations in Figs.1 and 2, we may introduce the new generalized oscillation coordinates relative to the minimal
energy of the normal and dimer states of the DNA section in the absence of external field. We point out that in Fig. 2 the right
potential corresponds to the normal state of thymine and the left one corresponds to the dimer state. In the absence of the UVC
radiation, these states are separated, i.e., Do > |Q|, and according to this situation, the thymine nuclei rings are in one of the Fock
states, |n), or |n)y4. The first eigenvector corresponds to the solution of the oscillator equation

(— W Ao/C2M,) + M,Q2E0%/2)|n)y = i (n +0.5)|n),

and the second corresponds to possible pyrimidine dimerization of DNA/RNA after the action of the electromagnetic field
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Fig. 3 (A) The behavior of the polarization function, IT1(D), and its derivative, dT1(D)/(d D), in minimums of the double-well potential relative to the
common center of mass for the condition My = M, = Mj,. As follows from this representation, the oscillator displacements, ®¢ and Q, are proportionally
to the derivative function, aT1(D)/(d D), and have the opposite signs. The magnitudes of these displacements, ®¢ and Q(, corresponds to maximal and
minimal value of the polarization derivative in these minimum. The transition from double-well potential (B) to single-well potential (C) when UVC field’s
intensity increases up to a critical value /.

(— W2 Ae/Q2Mg) + MaQ30%/2)|n)g = hQu(n +0.5)|n)4.

Here A and Ag are the Laplace operators relative to Q = R, — Ry, and 2 = R, — R displacements of the equilibrium positions
of the normal, T = A, and dimer 7 = T states, described in Appendix A.

Now, there could appear a question like: For which intensity of the applied field, these two states may become mixed? Looking to
the Hamiltonian (A9), we observe that in the harmonic approximation, two oscillation points may coincide when Q; — Qo; — Do =
®; — ;. If the nuclei in the both states have same mass, i.e., My = M,, = M, and oscillate in the opposite directions along the
Dy, the projection of the above expression on this direction becomes Q — ® = Dy — O + Qg. From the definition of I1(D) in
Appendix A follows that this function is even relative to the center of mass as represented in Fig. 3, when the effective mass of the
dimer and normal states coincides. In this case, —Qgp = ®¢ > 0, so we have Q — ® = Dy — 20¢([]). If the UVC field achieves
a critical value, I, = My in Dy /(28), we may switch to the molecular description of the connected two localized states, Q = ©.
In this situation, the Raman-induced scattering process may correlate the dimer and normal DNA states, describing this complex
as a new molecular formation for which we can introduce the common generalized coordinate along the direction Dy as this is
represented in Fig. 2.

In order to find the dependence of the number of dimmers as a function of the applied intensity of radiation, it is better to switch
from the two nuclei coordinates Q and ® to a common one for both double-well potentials as this is proposed in diatomic molecular
vibrations [41]. The position of the dimer along the direction Dy is ®, and the position of the normal state is Q = D + ®, where D
is the distance between the dimer and normal states. If initially, both states (normal and dimer) of same mass are situated at distance
Dy, the center of mass in the symmetrical vibrations is situated at distance Dy/2 = [OM,, + M,,(D + ®)]/2M,, = (20 + D)/2, and
so follows that ® = (Dyg — D)/2.

The equilibrium position of the state is represented now through the difference between Dy and the new localized state ® =
(Do — D)/2 (see Fig. 2), so Dg/2 is the position of the center of mass between two thymine/uracil nucleotides in DNA/RNA,
respectively, which may be less than 10 A, and hydrogen bond length in Watson--Crick base pairs is about 1 eV according to [42,
43]. In this case, according to Appendix A, the Hamiltonian of the nuclei (A9) has the aspect of the double-well potential oscillating
in anti-phase with the vibration coordinates ® = (Do — D)/2 and Q = (D + Dy)/2, see Fig. 3B. If we switch to the center of mass
coordinate, Dg/2, of the quasimolecular system, one obtains the common vibration coordinate, —® = Q = D/2 as is represented
in Fig. 3C.

Now it is better to decompose the quasienergetic spectrum of the two sheet potentials relative to the center of the mass I[1(D/2) ~
I1(0) + DAI1(0)/0D + (D2/2)821'[(0)/(8D)2 + ...+. As TI(D/2) is even function, the first derivative in this point is equal to zero,
dI1(0)/d D = 0. The second derivative is negative in the maximum, 92T1(0) /(0 D)? < 0, so that we have the renormalization of the
vibration frequencies of the single-well potential on the intensity action as —16,(D/ 2)2, where 8, = |92I1(0) /(0 D)?| /2. In the low
quasienergy sheet, the frequency increases after the renormalization, and in the upper one the frequency of the common mode of
dimer and normal state decreases, and the Hamiltonian reads

A 2 [Msz,%i - &ZI(S,,/Z]D2
H" = — —Ap+
21 2
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+26.T1(0)] + 8V(D)1 + E(Dp)1. )

Here according to Appendix A the displacements of the dimer and normal states depend on the intensity of the applied field

with Q, = /(2 + Qé)/ 2 and 4 = M, /2 is the reduced mass. Introducing the renormalization frequency for each sheet, i.e.,

Qr, = /2 +18,/(2u) for the lower, Q,, = /Q2 — 15,/(21) for the upper one, and by neglecting the higher-order expansion
term in the Hamiltonian (9), one obtains two solutions for harmonic oscillators with renormalized frequencies, i.e., @)/ (D) ® |i),

i = 1,2. We observe that this molecular oscillation model works well when Dg/2 = ®g(l.). If the intensity of the applied
field is less than the critical value, i.e., I < I., we can use the perturbation theory switching from one degree of freedom to
double-well potential using the small parameter, /. — /. Considering that in this case the molecular decoupling takes place, we
represent the solution as a superposition described by Exps. (A10), in which one of the terms depends on displacement variables as
Fnrf(Q, ®)= F’:f (Q+|Qo()|, ® —Oy(I)). For I = I, this function coincides with the solution of the harmonic oscillator, QZ’}(D).
In this situation, it is better to represent the argument of the new function through the critical point, F;f(Q, )= d>;i,(Q +|Qo(1)],
® —0p)) = F’:f(Q + Oo(l;) — 6Oy(I), ® — Og(I;) + §O¢(1)), where §Oy(I) = Og(I,) — Op(]). Taking into consideration for
the molecular oscillations, Q = (D + Dy)/2 and ® = (Dy — D)/2, one can observe that in the critical point relative to the position
of the center of mass we have § F(D) = Fnrf (0, 9)|; —F;ﬁ (Q, ®)];, represented through the common molecular coordinate D as
follows

SF(D) = 20F,/(Q, ©)/3Dl1=1,8 Qo(I) — 20 F;(Q, ©)/3Dl1=1,600(1)
= —209)(D)/0D|;=1,800(]);

Here F;i(Q, )= CDZ",(D) ® |i), and 8Og(I) = (I, — 1 )ﬁ/(MQ%) so that the probability of the distorting the quasimolecular
complex with the decreasing of the intensity depends on the matrix element |(®;; |8F;f y|? as reads

41— 1)*p?

Wn,}’ll = /1/294
n

/dD|<1>;i(D)aq>;;l(D)/aD|2.

Taking into consideration that the derivative operator 9/ D may be expressed through annihilation , and creation 57, vibron
operators, i.e., 3/dD = /12, /(2R)(0 — 97). Therefore, one may easily calculate the matrix element, (@ [(D — 07)|®}}) =
«/MQH/(zh)(, /M18n.ny-1 — «/ﬁén_l,nl), and so finally the probability becomes

2(1, — I)2p?
M(\/’”Tlfsn,nlfl - \/Efsnfl,nl)z- (10)

W, =
n,ny hlLQg

As a result, we obtain the quadratic decreasing of dimerization rate with decreasing of the UVC intensity. To carefully study this
effect, it is plausible to develop the master equation approach to the induced Raman excitation of the dimerization process described
by interaction Hamiltonian (A4) and taking into consideration the thermal bath of the local vibrations of nuclei in normal and dimer
bounds. In this situation, the combination between coherent dimer generation in the Raman process and the dephasing process may
be described by the phase transition as pointed out by the phenomenological model in Ref. [9]. In the next section, we experimentally
estimate this quadratic dependence on the intensity of the inactivation rate of fungal colonies.

3 Experimental results: UVC intensity dependence of the decontamination rate

The main part of our equipment described in Refs. [8, 9] consisted of the decontamination core, which is upgraded to a new
method by repacking the metamaterial structure with the small quartz balls/fibers, introducing these between the big elements of
the metamaterial, as represented in Fig. 4 (A, B, C) and described in the recent Refs. [12, 13]. In this section, we propose to study
experimentally the decontamination rate as a function of the intensity of the applied UVC radiation. Therefore, we realized several
experiments as represented by the rows in Fig. 5. Each experiment has one more germicidal lamp (18 W of power and wavelength
of 254 nm) turn on at the decontamination core, as observed in Fig. 4 (D). In this setup, we use an aluminum cylinder, which reflects
the radiation of the UVC lamps around the decontamination core, and so maximally focuses the radiation on the central axis of the
core. The role of this cylinder is to protect people from radiation generated by UVC lamps and to make maximum use of the UVC
radiation emitted by lamps during the decontamination of fluids flowing through the equipment’s core. This core may be filled up by
some metamaterials, and we use granulated quartz (transparent to UVC radiation), through which the UVC radiation is propagated
inside the infected fluids.

It is known that many pathogens (viruses and bacteria) are more sensible to UVC radiation than eukaryotic cells due to the double
protection of DNA by cellular and nucleus membrane of the last. As this, for the proposed experiments we use yeast solutions instead
of dangerous contaminated fluids. In fact, the yeast has stronger resistance to UVC radiation in comparison with many viruses or
bacteria. The yeast solutions used by us belong to Saccharomyces cerevisiae species with the property to form colonies. According
to existing investigations, e.g., [47-53], the unicellular organisms have the ability to be arranged in strings of connected budding; the
yeast cells are known as pseudohyphae or false hyphae. The cellular life within these populations is a prevalent form of microbial
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(A) (B) | ©) (D)

Fig. 4 The realization of the closed random packing of the small and big spheres (fibers) proposed in our experiments. In (A1) the blue laser is used to shine
the sample; (A2) - without blue laser radiation. (B) corresponds to the metamaterials formed from granulated quartz with different dimensions from 1075
mm to 1 mm. (C) represents the packing of two types of optical fibers for the decontamination core of the equipment. As a result, the empty space between
the elements of each material, i.e., non-penetrated by UVC radiation, is at the minimal value. In (D), six UVC lamps cover the decontamination core filled
up with metamaterials, using the equipment as in (A—C)

existence in natural conditions, so providing the cells with the capabilities to effectively defend against the environmental attacks,
as well as efficiently adapt and survive long periods of starvation and other kind of stresses.

As in our previous experiments [12, 13], we prepared samples of yeast solutions by considering the yeast colonies of different
size and density (columns a, b, ¢ in Fig. 5) before passing via the decontamination equipment. The experimental design of laboratory
tests was constructed to investigate the UVC dose dependence of the inactivation rate for yeast colonies. For each experimental
condition, yeast inactivation experiments were conducted randomly and independently to guarantee statistical significance of results.
A normal distribution was estimated considering a big number of probe droplets (20 - 30), but in Fig. 5 only three of these samples
are considered. Some statistical dependencies between the geometrical size and number of colonies were established from the
experimental observations performed with a microscope with 400x magnification.

The yeast solution samples represented in Fig. 5 evidence an aleatory distribution of colony size in each sample (see columns a,
b, ¢ of the first line). Yeast colonies could achieve the dimension of 1 — 30 wm in diameter, and we monitored the evolution of the
number of yeast colonies as a function of intensity of the UVC irradiation during the decontamination procedure.

So, the metamaterials consisting of quartz fibers or microspheres in optical contact with the yeast samples (Fig. 4) were used. As a
result of decontamination procedure, we have obtained the microscopical images shown in the lines of Fig. 5, where the inactivation
process of the yeast colonies can be observed. An important part of liquid samples is decontaminated during the time of about 3 min
by exposing on the irradiation of six UVC lamps. We emphasize here that this effect is observed in the simple static regime, i.e., when
the flow of liquid is stationary between the elements of metamaterial, see also [12, 13]. For the experimental situation represented
in Fig. 5, studied in about of 20 — 30 samples of the decontaminated fluids, one obtains that the mean number of colonies, ny(7),
decreases nonlinearly (see Fig. 6A) if turning ON from one to six UVC lamps, so increasing the intensity with the same magnitude
in the decontamination core. All six experiments were carried out in the same time interval, equal to 3 min.

For statistical description of the yeast colonies by the ensembles of the experimental samples, we propose to use the Gauss
distribution for the number, n, and diameter, d, of the yeast colonies defined as

1 (I’l — Il())z 1 (dn - an)Z
W(n,d) = ex [— :| X exp| — , (11
V2o b 207 27103” b 263,1

here oy, is the size variance, and o0, - the number variance of yeast colonies for the same diameters d,,. To analyze the experimental
results, we estimate the average values of the number and size (diameter) of yeast colonies present in samples prepared for decontam-
ination. When no lamp is activated (first row in Fig. 5), we have ng =~ 50 and the other parameters are: o, = 2, dy,/dsp = 0.05/n¢
and oy, = 0.1/dy,, where dj), is visualized diameter of the microscope image, as shown in Fig. 5.

The distribution function of the yeast colonies based on the size parameters depends on the intensity of the UVC applied radiation.
The characteristics of the colonies size, like mean number, ng(/), and diameter, do(1), de facto will depend on the number of the
irradiating UVC lamps. The consecutive addition of the UVC lamps in the system means that the intensity of the UVC radiation
increases proportional to their number, Iy o< N, where N = 1, 2, ..., 6. In this case, in each experiment, we have the same distribution
function as defined in Eq. 11, but with the parameters dependent on the intensity, i.e., n(I) and d(I). From our estimations, for the
case of six UVC lamps one has no(ls) ~ 0.08no(/ = 0), and do(ls)/dsp ~ 0.1do({ = 0)/d;),. Hence, these size parameters, as
e.g., no in Fig. 6, decrease with the increasing of the intensity. If considering there exists a critical intensity, /. for which the mean
number of yeast colonies and their diameters are zero, i.e., no(l;) = 0 and do(I.) = 0, it follows that the increasing of the mean
number (diameter) is o (I — I)%, where I < I.. In other words

no(In) = ¢ — Iy)? (12)

where N means the number of lamps with N < N, and ¢ is a constant parameter.
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2La 2LDb 2Lc

Fig. 5 Here, each row corresponds consecutively to an experiment with: 0 Lamp, 1 Lamp, 2 Lamps, 3 Lamps, 4 Lamps, 5 Lamps and 6 Lamps, turning on,
respectively. In all these experiments, a large number of fluid samples (about 20 — 30) were studied, but one shows only 3 samples of them. It is observed
that in such experiments the statistical studies in decontamination rate are necessary in order to establish the inactivation rate (decontamination rate in the
case of pathogens)
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Fig. 6 (A) The experimental (red stars) and theoretical (blue line) dependencies of the mean number of yeast colonies as a function of the number of UVC
lamps turn on. This dependence is equivalent to the intensity one, considering that the radiation intensity obtained from one lamp is about 5 mW/ cm? ata
distance of 2 cm from the lamp of 18 W. (B) The distribution of yeast colonies as a function of their size (number) for 0 — 4 lamps. It is observed that the
small colonies are more affected by UVC radiation and the dispersion decreases with the increasing of the number of lamps

In the experiments described above, for the increasing of penetration depth of UVC radiation into translucent fluids the quartz
metamaterials are used. In consequence, this effect optimizes the inactivation rate of contaminator, i.e., the pyrimidine dimerization
process of its DNA. These experimental results confirm the good performance of the studied UVC decontamination equipment and
serve as a premise that the proposed methodology could be applied with a similar success in case for killing pathogens (bacteria,
viruses, fungi, etc.) that may be present in the contaminated fluids.

4 Discussion

As follows from the experimental results, by increasing the intensity of the UVC radiation the inactivation of yeast colonies increases
in a strongly nonlinear manner when three radiating lamps are turned on (see Fig. 6A). Afterwards, if consecutively increasing the
number of lamps, then a weakly nonlinear law is observed. In our experiments, we used up to six lumps to reach a critical intensity,
when almost complete inactivation of the yeast colonies is detected.

Therefore, from these observations, we conclude that by increasing the intensity of the applied radiation in a fixed time interval,
the number of yeast colonies decreases nonlinearly up to a given intensity and after, a smooth decreasing prevails. This result confirms
the theoretical prediction explained in Sect. 2. Particularly, by taking into consideration the conclusions of the perturbation theory,
the intensity dependence of the overlapping of the wave functions in the double-well potential can be applied to this experiment. We
may consider the efficiency of the tunneling effect between normal and dimerized DNA states proportional to the shifts defined in
the theory as 6 Qo(I) = 2(1, — I)ot/(MQﬁ) and §®@g(1) = 2(1, — I),B/(MQ?I), so this effect correlates well with the experimental
result as observed in Fig. 6A, where a fitting function based on the theoretical result in Eq. 10 is considered. Therefore, one finds a
phenomenological correlation between the experimental observations of yeast inactivation dependent on the intensity of irradiation
and the theoretical framework explaining the process of dimerization of yeast’s DNA by the UVC irradiation. The decontamination
parameter of the system becomes proportional to the compression of the double-well potential and the tunneling of the electrons
between two stationary states increases as a function of the intensity of the irradiation.

To analyze how the interaction with the UV photons occurs regarding the potential barrier between the normal and dimer states,
in the following we make some estimations. For example, in Ref. [56] one finds for haploid yeast cells the mean nuclear volume is
~ 3um? and considering the DNA takes up roughly 0.3% of the nuclear volume, so its dimension can be approximated to about
0.01m3. Taking the DNA nuclei as a spherical resonator with the diameter about 2.15nm, one observes that the UVC radiation
can be accumulated in such electromagnetic cavity if the optical density of DNA is larger than this value for the rest of the cell
cytoplasm. Finding in [57] that the radiative lifetime may be less than 1ps for 7* excited states from which we may estimate
the dipole transitions, P, and P, between the excited and two ground states represented in Fig. 1A and, respectively, estimate
the displacement of Q¢ and ®¢ as explained in Appendix. Indeed, taking into consideration that Q¢ = 21 /(M, Q%), where the
barrier of oscillators is described by the maximal amplitudes, Q,, ~ 5A and O, ~ 5A of normal and dimer states, we estimate
M,Q202 /2~ My Qé @2,/2 ~ (0.8 — 1)eV, which corresponds to the intersection of two parabolas in Fig. 2. The shift parameter
depends on the work obtained during the action of the generalized force, 2/, on the nuclei during the displacement, Q < Q,,, and
may be estimated as follows: 2/a Q ~ 2g§n P, Py Q/(ag(hwo — hew,)). Here, the mean number of photons can be obtained in the
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excitation zone as gé = 2mwhwo/V,where V. ~ 0.0lum3, 0 = 0I1(Dg)/9Ryo ~ I1(Dg)/ag,as ~ (1 —2)5 is the localization radius
of normal state,  is the mean number of photons. Therefore, if the fluorescence lifetime of the excited stateis Ty ~ he3 / Pja)g < lps
at wavelength 330 nm (see [57]), we may then calculate not only P; and P,, but also the Raman detuning from the resonance with the
excited state, i.e., i(wg — wy,) = 2w he(1/260nm — 1/330nm) ~ 1eV. Finally, the estimation gives the shift energy 2/a Q,, ~ leV,
which converges well to M, Qﬁ Q,zn /2 ~ (0.8 — 1)eV, as mentioned above.

Itis well known that the UVC radiation must be used with maximal precaution and security protocols. Nevertheless, to increase the
protection of the experimenters from hazardous UVC radiation, a practical recommendation is to close UVC lamps into an aluminum
container, moreover that the intensity of the applied UVC radiation in this case can be optimized and then the decontamination
process as well. So, multiple reflections of UVC radiation from the aluminum cylinder of decontamination core of the equipment
can improve the interaction of pathogens with UVC radiation focused to the center of this cylinder. In the proposed experiments,
we have studied this effect as a function of the number of applied UVC lamps inside such a cylinder, through which can be pumped
infected fluids (water, air, droplets, aerosols, etc.).

Additional effect to stimulate the decontamination is obtained by introducing quartz fibers/spheres into the translucent contam-
inated fluids inside the cylinder, so one gets a larger contact surface of the radiation with contaminated fluids. The contact surface
consists of the surface of each element multiplied by the number of these. As a result, we end up with a supplementary surface
and high distribution of UVC radiation through the whole volume of the contaminated fluids. This method of decontamination may
be improved using the short pulses of UVC radiation [54, 55]. Therefore, focusing the radiation inside the decontamination core
and using the quartz metamaterials help us to optimize both of the intensity(number) of UVC sources for certain pathogens and
exposition time and finally get a feasible critical intensity for almost complete decontamination, particularly, if using low-intensity
lamps.

5 Conclusions

In summary, in this work we have studied theoretically and experimentally the dependence of the inactivation rate of yeast colonies
on the intensity of the applied UVC field. From Fig. 6, it follows that the decontamination process achieves kind of threshold
between the strong nonlinear and weak nonlinear dependence on intensity that occurs for about three UVC lamps in our setup. The
experimental result is well fitted by the quadratic law obtained from the theoretical model as can be observed in Fig. 6A by the blue
line. The critical intensity to inactivate totally the yeast cells is obtained for about six UVC lamps, when these irradiate during 3
minutes.

Finally, we conclude that the results, practical suggestions and methods, discussed throughout this work can be exported to
pathogens (viruses and bacteria) to find the correlations between the applied intensity of UVC radiation, exposure time and the type
of metamaterials for the dispersion of radiation in translucent fluids (or non-transparent droplets and aerosols). Of course, similar
experimental studies can be exported as well to the case of SARS-CoV-2 virus; however, this type of experiment in our laboratory
is impossible to carry out due to the absence of the infrastructure and protocols for the manipulation of biological viruses.
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Appendix A Elimination of electronic subsystem dressed by scattered UVC field

As we are interested on the structure modification of DNA/RNA by the electronic covalent bonds migrations during the Raman
scattering, in the following we consecutively eliminate the virtual states of electron subsystem. We also diagonalize the semiclassical
Hamiltonian of atomic and electronic subsystems passing to the system of coordinates rotating with frequency (Eg, — Eg,)/h. In
the Born-Markov approximation, the excited state can be represented through the ground states as follows

Ptlfgk

|E()) = |E(t))o — m

Pk _
8 0IGa0) (A1)

by (DIG (1)) — o — o
- %a

Here | E(¢))o is the eigenvector of the free Hamiltonian. After the elimination of the excited state from the interaction Hamiltonian,
Eq. 8, one obtains new free and interaction parts of the full Hamiltonian due to the applied field

HY = —hwu|Gu)(Gul — hoy|G ) (Gal + Bk bl by + hookai) ay
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Now, let us consider in Egs. (A2, A3) that the applied field is a broadband coherent radiation, then the intensities of the pump field and
induced scattered field have the same magnitudes, (b,'(bk) ~ (&;&k), and are centered close to the pump frequency w,. The Raman

transitions between the new states are described by the molecular operators, M+ = |Ga())(G,(t)] and M- = |G, (1)) {(Ga(t)l,
which describe the creation and annihilation of dimer state, |G ), during the absorption of higher energy quanta, l;k, and generation
of Stokes like one, &Z.

Therefore, the electron effective Hamiltonian can be written as follows

A©OR, 1) = i M, — HI[exp[iQot]M_ + exp[—iQot]M+], (A4)

where iy = [E4(Ry) — E.(Ry)]/2 is the energy - dlfference between the renormalized energy of dlmer and ground states of the
nucleobases covalent bound. The operators, M Z M*and M~ , satisfy the commutation relations, [M M- 1= M and [M . M= 1=
+M + and the second-order susceptibility, [TI(R) = PO2 /[Mwg — wp)] + P /[, — wp)] depends on the dlstance between the
dimer, T = T, and normal, T = A, localized states, D = R, — R, (see Fig. 2 ). After the substitution of Eq. (A1) in the interaction
Hamiltonian (8), one obtains as well the renormalized energies, £;(R) = —hwg — I'Idl and &£,(R) = —hw, —IIj1. The energy is
measured from the middle point, Ey(R)=—h(wg + w,)/2 between the states |G, (1)) and |G4(t)). The second order polarizations,
Hg = 2P02/[h(wd —wop)] and ITjj = 2P02/[h(a)u wo)] and the intensity of applied UVC field, I = ), gk bk,bk) results from the
Hamiltonian part (A2) by replacing the coefficients and field frequencies by their average values, PX ~ Pk ~ Py, of ~ a)g ~ .
Similar expressions were used in the interaction part of the Hamiltonian (A3) as well. Here it was con31dered that the scattered and
absorbed photons from the bimodal field of UVC radiation act as Raman excitation of pyrimidine dimers with the induced frequency
a)(’; — a) ~ Qo, where Qo = wg —w, is the excitation frequency of dimer without renormalization. The intensity I = Ey(w,)Eo(wg)
may be considered of the same magnitude as the intensity / for the broadband coherent radiation.

In the following, let’s study in detail the nuclear subsystem, where we consider that in these two types of covalent bonds participate
some conglomerate of atoms, which may form pyrimidine or other kind of dimer. According to the BO approximation, we can return
to the coordinates of the nuclear subsystem, considering that in the initial system the nuclei may have two wells of oscillations: one
corresponds to the normal DNA/RNA state and another to dimer localization. Therefore, the Hamiltonian of the nuclei subsystem
reads

. Pz
n
H™R) = Z o, * &o(R). (AS)

J

The localized normal, |G, ), and dimer, |G4), states must be found from the minimum of the position of this two-level system
characterized by the bond energy, £y(R), the minimum of which according to the BO approach in the estimation of such energy
can be considered & (Ry), where according to Fig. 2 the potential sheet contains two minima Ry = {R,0, Ry0}. According to
this representation, we may introduce the new generalized oscillation coordinates relative to the minimal energy of the normal
and dimer states of the DNA section, Q = Ry — Ryp and ® = R, — R0, and estimate the oscillation energy relative to these
minima situated at distance Dy = |Ryo — Ryol. In the literature, it is found that |[Ryg|~ IOA, representing the position of 7 = A
bond position relative to one of each strand and |R,¢| is less than the distance between two consecutive bases, i.e., ~ 344 (see
Fig. 1B). The distance, Dy, according to the literature [42] may be less than 10 A.Tn Eq. (AS), one can introduce the potential
function, ‘A/(RS — Ryp) = éo(R) — éo(Ro), s = {x, y}, which is finally decomposed in the Taylor series as \A/(RS —Ry) =
[Q§82V(0) /(0 Q?) + (:)[282V(0) /(0 ®12)] / 248V. Here, the first-order terms were neglected, considering that in the absence of the

external field one uses the property of the symmetry, V(—x) = V(x), and the higher-order terms are included in 5\7( 0,0),
particularly studied in Ref. [10]. As a result of these transformations, one gets the Hamiltonian for the nuclei in a new form

. P2 M,Q20% PP M0% .
HMR) = 4 4 u d d sV (0, ®) + E(Ry), A6
R) 2Mu+ > +2Md+ 5 +8V (0, ©) + & (Ryp) (A6)
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where M, Q; = 8%V(0)/(3Q3) and My = 9°V(0)/(3©;), here M, (My) and R, (R4) are the nucleus effective mass and
oscillation frequency, respectively, in the normal (dimer) localization. The influence of the applied UVC field on the vibrational
nuclear excitation permits us to describe the wave function of the nuclei as a spinor state

d . R
_ih— — (n) (e)
zhdt|X(R))_(H R)+ A (R,t))lx(R)), (A7)

where the ’ket’ vector, |x(R)), is a Hermitian conjugate of the ’bra’ one, which is defined as a line vector with two components of
the electronic states, i.e., (x (R)|= (x1(R), x2(R)).

In Eq. (A7), H® is the electron effective Hamiltonian (A4), which can be reduced to the stationary states of the quasienergies
in the coordinate system rotating with the frequency ¢ by splitting two states corresponding to dimer and normal DNA/RNA, i.e.,

H'® = hQU.,. Here, the dynamical Stark splitting frequency is defined as Q = \/ (Q0 — Q0)? + 4(T11 /1)2. Therefore, one observes
that the external field improves the ’tunneling’ from normal state, |G,,) to the pyrimidine dimer one, |G ), due to the fact that the
Rabi frequency increases proportionally to the intensity of the applied UVC field. This effect will be notable if considering that the
energies hw, and hwy are small as compared to the normalized energies, so that the second-order polarizations can be approximated
as follows: ITd = 2P2 /[y + IS0 /2 — hawol ~ 2P /1€y — haol-hQ0/(Ey — hao)? and T = 2P3 /[Eg(R) — 7€ /2 — haw] ~
2P02 /[E0(R) — hawol + 20 /(En(R) — hwo)?. In this situation, the splitting energy represented by the first term of the Hamiltonian
(A4) is proportional to the Stark shift, 22¢ POZI /(& (R) — hwp)?. As the polarization matrix element, Py(D), describes the transition
between the shifted normal, 7 = A and dimer, T = T, states and excited one, the last expression points out that the increase of the
intensity, /, of the applied radiation, will amplify the splitting energy between normal and dimer states, so shifting them. The last
dependence demonstrates the modification of the potential barrier in the adiabatic process under the action of UVC radiation, so
improving electron tunneling from the normal state to a dimer one.

Considering that the splitting energy related to the Raman transition is larger than the local energy of each normal or dimer
oscillator, i.e., Qo >> {2,, 24}, so we can go to the coordinate system rotating with ¢ the Hamiltonian in Eq.(A7), i.e.,
expli QOM t] (FAI (”)(R) +H©® (R, 1)) exp[—i QOM t]. In this situation, the time-independent electron interaction part of the Hamilto-
nian, —I1Io(M~ + M*"), is obtained applying the BO approximation, which concludes that during the rotation with rapid frequency,
Qp, the nuclear part of the Hamiltonian, H™(R), is not affected. For simplicity, we may consider that the frequencies and nuclear
mass of both oscillators have the same magnitudes, i.e., using the approximation 2, &~ Q4 and M, & M, in the representation of
the stationary Schrodinger equation (A7), which reduces to

0 [%(R) +(Qo — )/2 € s ][mm}
i Ho(R) — (S — Q0)/2 — £ || x2(R)

and from which follows the energy of the two splitting states

Pz M,Q20% P} MQ%6?
+ +

2M, 2 2M, 2

ho[ =
+&(Ro) F 5\/(90 — §20)2 +4(TI(R)T /)2, (A8)

Ei2() =

For simplicity, we consider that M,, = M, = My, and 2, = Q4. As a result, under the approach Qo — Qo ~ QOPOZI /(Eo — Fawp)?,
and for small detuning, Qo — Qo < 2111y, the energy of the double-well oscillator is reduced to the expression, &1 2(1) ~
Hp(R)) ¥ I1(Q)I. Here, it was considered that the transition energy satisfies the condition: 72y < (& — hwo). In this situation,
the susceptibility depends on the oscillator coordinate, I1(Q) and can be decomposed in Taylor series, I1(Q, 2) ~ IT(Ry, Rxo) +
(Q, 9TI(Ry0, Ry0)/9Ry0) + (2,dTT(Ry0, Ryg)/9Rx0) + .... Taking into consideration that in our simplified model, the polarization
IRy, Ryo) = II(Dp) contains the oscillatory modes in two quantum wells with normal modes, Q for normal state and 2 for
DNA or RNA dimer, and separated by the distance Dp = Ryo — Ry, so one observes that 9T1(Dg)/0Ryo = —3I1(Dg)/dRy0,
for the same mass in the dimer and normal states. In this situation, we obtain that the external field shifts the oscillation point
of each covalent sheet state quasienergies, V, = [M,Q20% + M;Q20%]/2 — 21a; Q; — 21B;0; — 2II(Do)I + £y(Q), V2 =
(M, Q207 + M;Q2021/2 + 21 e; Q; +21B;O; + 21'1(D0)1 +&(Q), here i = {x, y, z}. The parameters o;; = dI1(Dy)/d Ry0,; and
Bi = 0I1(Do)/dRyo,; are the gradient components. Now, transforming the energy of the potential well to a quadratic form, one gets

-
H= M +W + M, Q201 + 006,)?/2 — MaQ2(O1 + ©06,)% /2
) a2 ﬂZ
= —27 + 1+ 2ITI(Dg)6, + 8V (0, O)1 + E(Ro)], A9
Mo <2 MdQ (Do)o, (0,0) 0(Ro) (A9)

where Q¢ = 21/(M, Qz) O = 21ﬁ/(MdQ ); 6, = [2)(2]—|1)(1]| and 1= [2)(2]+|1)(1] are the common sigma-z Pauli and
identity matrices, respectively, taking into consideration the two sheets numbered by “1” the lower, and by “2” the upper one.
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Neglecting the higher-order potential decomposition, i.e., & V = 0, we obtain the solutions for the shifted oscillators, for the lower
and upper sheets, respectively:

[X1(R)) ~ ®4(Q — Q0)P4(O — ) ® |1),

(A10)
IX2(R)) ~ (0 + Q0)®4(® + Bp) ® |2).

Here ®,(Z; — Z;o) is the eigenfunction of the traditional harmonic oscillator shifted by the field, Z;o relative to the equilibrium
position in the absence of radiation, Z; = {Q;, ©;},i = {x, y, z}. Considering that initially the system is prepared in a normal state,
[x1(R)) = |1), the transition from normal to dimer states is described by the operator 6+ = |2)(1].

In conclusion, we observe that the intensity of the applied UVC field shifts the position of nuclei during the scattering process
stimulating the tunneling of an electron from one potential well to another. This effect corresponds to coherent excitation of the
nuclei vibrations relative to the stationary localized states, and so resulting in the transformation and modification of DNA under
the UVC radiation.
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